ABSTRACT: A Keggin-type POM is attached to gold or glassy carbon surfaces by electro(chemical) or peptidic coupling. In addition to demonstrating the robust attachment of the POMs (by electrochemistry, XPS and IRRAS), the surface concentration, layer thickness and rate constant for electron transfer from the surface to the POMs have been measured. The use of such complementary techniques is mandatory to properly characterize the modified electrodes. Whatever the grafting method, experimental conditions are found to allow monolayer or submonolayer coverage. Besides covalently grafted species, additional electrostatic bonded POMs are present in the film. Cathodic polarization allows removing them to get a grafted film that is stable with time and potential, which is a requisite toward the design of molecular memories.
I. INTRODUCTION
Polyoxometalates (POMs) are molecular metal-oxides of the early transition metals with a broad range of properties and applications. Currently, their ability to reversibly accept several electrons attracts growing attention and the potential of POM-based materials is deeply investigated for solar energy conversion [1] [2] [3] [4] , molecular electronics, 5-7 molecular cluster batteries 8 or as supercapacitor electrode materials, 9 among others. In the field of molecular electronics, the immobilization of POMs at various surfaces is the first step toward their integration in modified field effect transistors.
The formation of POM-thin films has recently been reviewed. 10 While POMs are known to spontaneously adsorb on electrodes, 11-13 examples of covalent immobilization of POMs on surfaces are still scarce, although it could improve the control over the films features and their stability, especially under electrochemical polarization of the surface/electrode. [14] [15] [16] Previous examples include the grafting of Lindqvist derivatives on silicon or Anderson-type POMs on gold. Targeting the use of POMs as charge storage molecules, we have also reported the covalent electrografting of functionalized Keggin-type POMs with pending alkyne or diazonium functions, respectively on silicon 17 or glassy-carbon electrodes. 18 As robust nano-scaled clusters displaying several discrete redox states, POMs are promising candidates for the implementation in n-type components of multi-level molecular memories, providing a parallel to complexes derived from ferrocene or porphyrins that have been assembled to get p-type components. [19] [20] [21] [22] In the latter case, the surface concentration has been shown to be a key parameter, strongly impacting the electron transfer rate and the charge retention time. 19, 20 For POM films to be included in hybrid silicon/ molecule electronics, several conditions have to be fulfilled : i) the film must be stable with time, temperature and under electrical stimulation, ii) its thickness must be controlled to a compact monolayer or submonolayer, as homogeneous multilayers are more difficult to obtain, iii) the electron transfer from the substrate to the POM must be as fast as possible and the charge dissipation rate as low as possible. This prompted us to inspect strategies to control the surface concentration of strongly bonded POMs on conducting surfaces. Since, the foreseen applications require the electrochemical activation of anchored POMs, the choice of tethering groups should be limited to those resistant to reduction, which excludes thiols that could desorb from the surface upon reduction. Functional surfaces with a good stability under electrochemical activation are then preferentially obtained from electrografting procedures. Among them, the most popular one is the reductive dediazonation of diazonium species. [23] [24] [25] The reduction of diazonium salts fulfils the stability conditions since it provides covalently bonded layers, 26, 27 very stable with time 23 and temperature 28 and potential resistant. 29 Moreover, the grafted amount can be controlled from sub-monolayer to multilayer by varying the conditions for the electrografting procedure. [30] [31] [32] [33] Compton showed that electrografting in a µM diluted diazonium solution or upon decomposition of pre-adsorbed diazonium layer allows sub-monolayer surface coverage. 30, 31 On the other hand, Pedersen and Daasbjerg showed that thick layers could be grown from surfaces by using an immobilized electroreducible group that can act as an electron relay, as the POMs could do. 32, 33 Moreover, together with the electrografting of diazonium functionalized POMs, the facile and . We will discuss the influence of the experimental conditions on the electrochemical grafting of the latter diazonium POM hybrid on GC and Au surfaces (route i).
We will also examine the chemical grafting of POM-N 2 + through its reduction by ascorbic acid or its thermal homolytic dediazonation (route ii). After a brief description of the grafting processes, spectroscopic surface analyses and electrochemical characterizations will provide insights into the stability of the grafted POM layers, the POM surface concentrations, and the electron transfer rates. Slightly different experimental conditions based on reported procedure were also used to obtain less densely grafted electrodes. 30, 31 Electrografting in the R1 range under identical conditions as those above except for a lower POM-N 2 + concentration (100 µM) and a temperature of 0 °C instead of room temperature gave Au or GC-POM low Moreover, preadsorption of a 100 µM POM-N 2 + solution in ACN at 0 °C was carried out for 300 s before electrografting in pure ACN to give Au or GC-POM ads . Upon repetitive scanning in the R3 range, the intensities of P2 and P3 do not increase ( Figures   1A and C) . This result contrasts with those of Pedersen and Daasbjerg. 32, 33 They have shown that it is possible to obtain very thick films (up to ~1 µm) if the potential range of the scan encompasses both systems corresponding to the reduction of the diazonium function and the reversible system of the electroactive moiety in which a further electron can be stored (a nitrobenzene or anthraquinone moiety in their case). These particularly thick films result from electron transfers within the layer by electron exchange through the layer electron relays then to the solution diazonium species for further mediated and catalytic film growth. 35 As stated above, P2 and P3 ( Figure 1A ) do not show an increased height of the wave upon repetitive scanning, indicating that the layer does not grow steadily; this is confirmed below by the thickness of the film that remains quite low (see later). As POMs can be reduced reversibly, electron transfers from the surface are possible in the R3 range. It is therefore likely that the layers remain quite thin because the aryl radical derived from POM-N 2 + cannot attack an already grafted POM to form covalently bonded multilayers, which is not surprising considering that the POM is a bulky inorganic oxide.
To modulate the POM surface concentration, we have thus followed Compton's strategy developed during the electrografting of diazonium-terminated quinones. 30, 31 We have either . 16 The same method was used for the preparation of GC-CO-NH-POM.
III.2. Spectroscopic Characterization of Surface-Immobilized POM Layers.
The thickness of the POM layers immobilized on large cm 2 Au surfaces was obtained by ellipsometry and their chemical composition by XPS and IRRAS.
III.2.a. Ellipsometric Measurements. The values of the thickness of the layers, th, grafted on
Au and measured by ellipsometry are represented in Figure 2B and thoroughly commented in the Supporting Information.
The values of th are generally lower than 6 nm; they depend on the grafting mode employed and also on post-grafting treatments. Careful ultrasonication in ACN and acetone allows getting rid of adsorbed species, 11 whilst cathodic polarization allows breaking electrostatic interactions in multilayers. 12 It is noteworthy that electrochemical polarization of the films between -0.1 and -1. 
B
The experimentally estimated thicknesses can be compared with that of a monolayer. Since the length of the -C 6 H 4 -C≡C-C 6 H 4 -tether is ~1.1 nm and the POM has a ~1.0 nm diameter, 18 the theoretical thickness for a monolayer with -C 6 H 4 -C≡C-C 6 H 4 -POM moieties perpendicular to the surface is th~2.1 nm. Jiang showed by DFT calculations that the phenyl groups attached to a gold surface through the reduction of diazonium salts are tilted by 38°
with respect to the surface normal. 26 By analysis of the IR spectra of azobenzene grafted by reduction of its diazonium salt, McCreery found that the attached groups are tilted by 27 < Θ < 30°. 37 Therefore, the thickness of the monolayer should be within 1.8 < th < 2.1 nm.
However, this estimation does not take into account the NBu 4 + counter ions. If the latter are located on top of the layer, 0.5 to 1.1 nm (depending on the geometry of the butyl chains) must be added to the length of the assembly, which leads for the global thickness to 2.3 < th < 3.2 nm. In the case of the peptidic coupling, these values have to be increased by 0.7 nm to account for a monolayer of carboxybenzene anchor: 3.0 < th < 3.9 nm.
In conclusion, even though the thickness values exhibit some dispersion, films obtained through standard electrografting procedures are narrower than a bilayer and closer to a monolayer, while all other strategies yield unambiguously sub-monolayer coverage. A confrontation with specific spectroscopic signatures of the grafted layers is then required.
III.2.b. XPS and FT-IRRAS Characterizations. The survey XPS spectrum of an Au-POM R3
plate is shown in Figure SI2A doublet at a position similar to that described above for Au-POM R3 (not shown).
The presence of POM layers immobilized on Au surfaces was also revealed by IR spectroscopy. Figure 3A illustrates the IRRAS spectra of electrochemically grafted Au-POM Figure 3B ). Thus, whatever the grafting method, the same unaltered POM species is present on the surface.
IRRAS was also used to monitor the formation of Au-CO-NH-POM through the different assembling steps of the peptidic coupling between Au-COOH and POM-NH 2 ( Figure 3C ). For example, IRRAS shows that the layer is stable over time as there is no significant difference between the IRRAS spectra over a one month period (not shown).
IRRAS can also be used to monitor the effect of a cathodic polarization of the electrode on the layer composition (typically cycled 14 times from 0.2 to -1.8 V/SCE at a 0. 12 are removed from the Au surface.
Comparison of IRRAS, surface coverage and ellipsometry is also insightful. Figure 2B compares the IRRAS absorbance at 822 cm -1 , which specifically quantifies the POM from its chemical signature, with ellipsometry, which gives a physical estimate of the amount of material immobilized on the surface. For most samples, there is a rather fair correlation between the IRRAS absorbance at 822 cm -1 and the measured ellipsometric thickness.
The highest optical thicknesses observed suggest the presence of other immobilized species (solvent, electrolyte…), which are not revealed in the IRRAS characteristic bands of the POM. It means that both ellipsometry and IRRAS are compulsory to properly characterize the grafting and the grafted layers, 40 especially if a monolayer or sub-monolayer coverage is sought.
For example, it is interesting to observe that, for the Au-POM R3 sample in Figure SI3A , a detectable amount of PF 6 -(contribution at 850 cm -1 ) is entrapped within the POM layer. Such insertion that was observed in some grafted films, is currently under investigation. It explains the high optical thickness of that sample (~5 nm for an estimated 0.7 ML coverage).
Moreover, the decrease of the POM content (to 0.4 ML) upon cycling is also associated to an increase of the PF 6 -amount within the layer, as a result of the layer restructuration by cleavage of POMs attached by electrostatic interactions and insertion of anions.
The case of Au-CO-NH-POM is also significant (circles in Figure 2B ). IRRAS also shows that the amount of immobilized POM greatly decreases upon electrochemical polarization of the surface from monolayer coverage before activation to 0.3 ML coverage after activation, while no significant change of the optical thickness is detected. This is in line with the electrochemical investigation of GC-CO-NH-POM in III.3.a., which indicates the same effect and gives the same surface coverage. It confirms that upon peptidic coupling, as well as upon electrografting, the surface presents both covalently bound POMs (20-30%) and POMs attached by electrostatic interactions (70-80%). The latter can be removed by cathodic polarization and probably replaced by electrolyte ions to account for the constant thickness.
Altogether, these experiments indicate that it is possible to remove non-covalently bonded POMs (attached by electrostatic interactions) from the Au surface by three electrochemical cycles to -1.8 V/SCE, but that some electrolyte can remain entrapped in the film. Together with the electrochemically stability achieved after a 3-cycle polarization, this particularly highlights the strength of the diazonium procedure for the immobilization of reducible functional groups on surfaces. Indeed, a thiol terminated POM derivative would have been impossible to characterize under electrochemical activation and therefore likely inoperative for the preparation of n-type molecular memories.
III.3. Electrochemical Characterization of Immobilized POM Surfaces.
We have shown that different strategies can be used to immobilize POMs onto electrode surfaces. However, the layer is sensitive to cathodic polarization, for example during its electrochemical characterization, which leads to subsequent layer reorganization and, among others, to the loss of POMs attached by electrostatic interactions. This suggests that proper electrochemical characterizations of the grafted layers must be performed when all noncovalently immobilized POMs have been desorbed.
The redox behavior of the grafted POM surfaces was evaluated by voltammetric techniques, here namely cyclic voltammetry (CV) and square wave voltammetry (SWV), a differential technique described in the Supporting Information and more adapted to the detection of diluted electroactive species. 41 This study allowed both characterizing the surface coverage of POM layers immobilized onto electrode surfaces and accessing k app , the apparent rate constant for the transfer of charge to such immobilized POMs.
III.3.a. General Behavior of POM Layer and Surface Coverage Estimate. As reported
previously for a GC electrode covered with a monolayer of POM, two reversible redox waves at E° = -1.01 and -1.50 V/SCE are observed by CV. 18 A similar electrochemical behaviour is observed at cm large Au electrodes, as illustrated in Figure SI3B for the reference Au-POM R3 used, in III.2.c, to convert IRRAS Abs into surface coverage (1). The first electrochemical polarization of the grafted layer (first cathodic peak, P2) corresponds to a slightly higher charge injection than on the reversed anodic peak. This effect disappears when the scan rate is increased (v > 0.5 V s -1 ) or after several CVs (3 rd CV identical to the 14 th CV, as presented in Figure SI3B B). It confirms the spectroscopic observation of some POM removal from the layer upon reductive polarization of the electrode. From the integration of the first cathodic peak, such loss of POM is evaluated to ~ 43%, which is in agreement with the ~50% decrease of the 822 cm -1 IRRAS peak ( Figure SI3A ). The POM surface concentration, Γ, is estimated from the integration of the first system at -1.1 V/SCE after the 3 rd cycle. For the Au-POM R3 surface in Figure SI3B , it is Γ = 0.4x10 -10 mol cm -2 (~ 0.4 Γ ML ).
As a next step, the impact of the modulation of POM surface coverage on the POM layer electrochemical characteristics is studied. To decrease the ohmic drop and capacitive current contributions and get more precise surface concentration estimates, grafted GC mm electrodes were preferred to Au cm plates whose surface area is less precisely known. The resulting change in topology was estimated as negligible when taking into account the dispersion of the results. The immobilization of a monolayer of POM was demonstrated elsewhere. 18 As suggested by the IRRAS characterization of Au-POM surfaces (Figure 2) , the electrografting may also generate sub-monolayer coverage. This is reproduced on GC electrodes for GC-POM R1 after electrochemical polarization ( Figures 4A and B) . Working under such conditions allows a better control toward sub-monolayer surface coverage. As stated in the introduction, this is a promising strategy since lower surface coverage of molecular memories is a possible way to obtain devices with higher charge transfer rates.
20,21
GC-CO-NH-POM surfaces obtained by peptidic coupling were characterized by SWV since the grafted layer is so thin that the capacitive current observed by CV screens the electrochemical signature of the POM. Figure SI5A (Supporting Information) shows an example of a SWV response of GC-CO-NH-POM recorded between -0.6 and -1.6 V/SCE at different frequencies, f. As during CV characterization of electrografted surfaces, some electroactive material has been lost upon the first scanning. The GC-CO-NH-POM electrode presents a single and ~ twice broader cathodic reduction peak at the same potential as GC-POM R1 , corresponding to the first redox system of the POM (peak P2).
This broad peak suggests that the POM coupled to the organic layer by a peptidic link 
GC-CO-NH-POM
, and an apparent charge transfer rate constant, k app , can be deduced from fitting the experimentally measured charge obtained from integration of the voltammograms with their predicted evolution with f. 41 Depending on the sample, the coverage of the surface by POM from peptidic coupling can vary by a factor of two but is always much lower than a few tenths of a monolayer.
The different grafting routes investigated allow the tuning of the POM surface concentration from sub-monolayer to monolayer, which gives for grafted GC surfaces: , GC-POM ads in Figure 4C ).
The GC-POM R1 electrografted surface behaves similarly to the monolayer covered surface previously described : the cathodic and anodic peak intensities for P2 increase linearly with v for 0.5 < v < 30 V s -1 , then tend toward a dependency with v 1/2 at higher v ( Figure 4A ). 18 This indicates that at slow v, the reduction process is controlled by the electron transfer between the surface and the anchored POM, while at higher v, diffusion limitations are encountered.
These diffusion limitations were attributed to hopping processes associated to the transport of charge in the layer upon electron transfer from the electrode.
The cathodic and anodic peak potentials of the P2 system are constant for v < 10 V s -1 , indicating a fast electron transfer ( Figure 4B ). At low scan rates, the electron transfer is fast, however the cathodic and anodic peaks of the P2 system are not located at the same potentials and are separated by 25 to 35 mV. It attests the contribution of the electrostatic work associated to the transfer of an electron to the negatively-charged POM. This peak potential separation is twice higher, 80 mV, for the second electron transfer, P3, in agreement with the even higher electrostatic work needed for further electron injection in the already reduced POM structure. For v > 10 V s -1 , the peak-to-peak separation increases, showing some kinetic limitation by the charge transfer processes ( Figure 4B ). The cathodic and anodic peak potentials deviations from constancy occur at the same scan rate, indicating that the ratelimiting process on both anodic and cathodic scans is the same.
The experimental variations of the cathodic and anodic potentials with v for the P2 system have been compared to theoretical predictions for reversible electron transfer to a surfaceconfined species. A detailed description of the theoretical interpretation of these peak potential variations is given elsewhere. 18 Briefly, in Figures 4B and C, the experimental data are compared with the trumpet-like theoretical variations for slow electron transfer limitation.
The deviations from the theoretical lines observed at higher scan rate in Figure 4B cannot be accounted for ohmic drop contribution. Resitance effects generally exalt the peak separation.
The smaller peak separation is rather indicative of the intervention of diffusion limitation (hopping with apparent diffusion coefficient D ap = 8x10 -11 cm 2 s -1 ), as also suggested by the peak current variations in Figure 4A . However, an apparent limiting charge transfer rate, k app , can be obtained from the fitting at lower v. The ensuing apparent charge transfer rate constant ranges between k app = 700 and 1100 s -1 for different GC-POM electrodes of 0.5 Γ ML < Γ
GC-
POMR1&3 < Γ ML . For the most diluted POM surface, GC-POM ads of Γ GC-POMads = 0.1 Γ ML , the peak potential variations with the scan rate ( Figure 4C ) are similar to those observed for GC-POM R1 and a rate constant k app = 600 s -1 is obtained. The peak separation (electrostatic work) associated to each electron transfer is also of the same order (respectively ∆E p = 23 and 80 mV).
For the latter surfaces electrografted with sub-to monolayer of POM, the measured k app values do not significantly depend on the POM surface coverage, in contrast with porphyrins (for example for a porphyrin bonded to Si(100), when Γ increases from 10 -12 to 6x10 -11 mol cm -2 , k 0 decreases from > 5x10 4 to 5x10 3 s -1 ). 20, 21 This indicates that the kinetically limiting (hopping) process concerns charge transfer from the electrode to the POM and is not related to lateral diffusion or inter-neighbour interactions. This is confirmed by the very similar values of the peak potential separation within the surface concentration range spanned. It is indicative of an electrostatic contribution, likely due to charge transfer to the negatively charged POM structure, which shows similar charge screening by the counter-ion cloud in dense or dilute assemblies.
For electrodes covered with multilayers, the Ep-v analysis (as in Figure 4D for a sample with Γ = 4.2 Γ ML ), shows that kinetic limitation appears at a ~7 times lower scan rate than in However, it is always ~ two orders of magnitude lower than for directly electrografted layers.
This probably results from the length and the not fully conjugated nature of the organic linker coupling the POM moiety to the electrode surface. Such length is related to the thickness of the electrografted -C 6 H 4 COOH seeding layer. Even though the latter cannot be directly accessed for the GC used for the electrochemical characterization, ellipsometry shows on a cm large Au surface that such layer can vary from monolayer (0.6 nm) to multilayer (~ 2 nm), explaining the differences in k app . From 0.1 to 1 monolayer, the kinetically limiting process is 600-1100 s -1 , with no evident surface concentration dependence, in distinct contrast with porphyrin-based materials. A decrease of the limiting process rate is observed when increasing the surface coverage to multilayers. This suggests that cooperative effects or inter-neighbour charge transfer are operative in multilayers, while for sub-to monolayers, charge transfer from the surface to the POM moiety is the limiting process.
We are now able to control the formation of monolayers or sub-monolayers of covalently grafted POMs on GC and Au that are stable with time or potential, which is a requisite toward the design of molecular memories. This paper opens the way to further investigations aiming at a better understanding of the role of the POM counter cations on the kinetics of the electron transfer. Attachment of similar diazonium POMs onto silicon in dry state devices is also under work.
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